This paper reviews various hybrid excited (HE) machines from the perspective of location of PM and DC excitation, series/parallel connection of PM and DC excited magnetic fields, and 2D/3D magnetic fields, respectively. The advantages as well as drawbacks of each category are analyzed. Since an additional control degree, i.e. DC excitation, is introduced in the HE machine, the flux weakening control strategies are more complex. The flux weakening performance as well as efficiency are compared with different control strategies. Then, the potential to mitigate the risk of uncontrolled overvoltage fault at high speed operation is highlighted by controlling the field excitation. Since additional DC coils are usually required for HE machines compared with pure PM excitation, the spatial confliction inevitably results in electromagnetic performance reduction. Finally, the technique to integrate the field and armature windings with open-winding drive circuit is introduced, and novel HE machines without a DC coil are summarized. Index Terms-Electric vehicle (EV), flux weakening control, hybrid electric vehicle (HEV), hybrid excited (HE) machine, open-winding, permanent magnet (PM). Z. Q. Zhu received the B.Eng. and M.Sc. degrees
I. INTRODUCTION
UE to significant environmental concerns, electric vehicles and hybrid electric vehicles (EVs/HEVs) are increasingly being developed and commercialized [1] [2] . Electrical machines are a key technology for EV/HEV, and the main requirements of machines for EV/HEV include [1] - [3] :
• High torque density and high power density; • High overload capability;
• Extensive flux-weakening region;
• High efficiency over the whole operating region;
• High reliability and fault tolerant capability;
• Low cost and low acoustic noise. Permanent magnet (PM) machines, especially equipped with high-energy product rare-earth PM material, exhibit high torque density as well as high efficiency, and have been perceived as good candidates for EV/HEV, e.g. Toyota PRIUS, Nissan LEAF, BMW I3, etc. [4] - [6] . However, the magnetic field of PM machines is constant and a flux-weakening current component is required to operate at high speed. Consequently, Manuscript was submitted for review on 06, July, 2019. Z. Q. Zhu and S. Cai are with the Department of Electronics and Electrical Engineering, University of Sheffield, Sheffield, S1 3JD U.K. (e-mail: z.q.zhu@sheffield.ac.uk, scai14@sheffield.ac.uk).
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An alternative solution is to develop hybrid excited electrical machine, with synergies of PM machine and wound field (WF) machine. The introduction of field winding can help to regulate the magnetic field and the output capability according to working condition, which is beneficial for the EV/HEV with variable speed requirements. Compared with the conventional PM machines, an extra flexibility can be utilized to adjust the flux linkage by the field excitation current. Consequently, higher torque at low speed and wider operating speed range, as well as high efficiency over a wide operating region can be obtained by employing appropriate control strategies [9] [10] .
Various HE machine topologies have been reviewed in the previous publications [11] - [18] . This paper, which is extended from the keynote speech at the 14 th International Conference on Ecological Vehicles and Renewable Energies, EVER19, 8-10 May 2019, Monaco, [19] , emphasizes on the origination of the HE machines, either to enhance the torque density of WF machine or improve the flux weakening performance of stator/rotor PM machine. The purposes of this paper include (a) to review different HE machine topologies according to the PM and DC coil excitation location, the series/parallel hybridization and the 2D/3D magnetic fields to demonstrate the possibility to achieve hybridization from existing PM/WF machine and further enhance the electromagnetic performance for variable speed requirement of EV/HEV; (b) to compare unique control strategies for the HE machines; (c) to describe a mitigation technique for uncontrolled overvoltage fault at high speed operation; and (d) to introduce the integration concept of the field and armature windings with open-winding drive circuit to realize HE machines without a DC coil.
II. HYBRID EXCITED MACHINE TOPOLOGIES
In this section, the HE machine topologies are overviewed according to the location of PM and DC excitations.
A. Both PM and DC Coil in Rotor
Based on the classical rotor surface-mounted PM (SPM) machines, HE machines can be obtained by attaching the field winding in the rotor PM pole directly, as shown in Fig. 1 (a) with all pole PMs [20] - [22] and Fig. 1 (b) with consequent pole PMs [23] , respectively. The machine topology can be perceived as the integration of a rotor SPM machine and a rotor WF machine. Since the flux path of DC excitation passes through the Hybrid Excited Permanent Magnet Machines for Electric and Hybrid Electric Vehicles Z. Q. Zhu, Fellow, IEEE, and S. Cai D PM, the reluctance is significant and the flux regulation capability is limited. An alternate topology is to allocate the field winding and PM in different poles, as shown in Fig. 2 [24] . As a result, the flux regulation capability and demagnetization withstanding capability are enhanced. Besides, HE machines with rotor radial and tangential interior PMs are shown in Fig. 3 (a) and (b), respectively. The machine configurations in Fig. 1 (b) and Fig. 3 (a) are similar, but the iron bridge in the IPM machine provides additional flux path for DC excitation. Therefore, the risk of irreversible demagnetization is reduced although the flux regulation capability is still limited by the saturated iron bridge. Moreover, PMs can be added in the rotor slots of the rotor WF machine, as shown in Fig. 4 [25]- [28] . The PM flux is short circuited in the rotor, and therefore, negligible cogging torque and back-EMF are produced at open-circuit. With field winding excitation, the PM flux can counteract the DC flux in rotor and alleviate magnetic saturation. It is revealed that the torque density as well as efficiency can be enhanced with the assistance of PMs.
PM Field Winding
In [29] and [30] , a HE machine is developed by combining the rotor PM machine and the rotor WF machine directly, as shown in Fig. 5 . The proposed machine consists of a single stator whereas the PM field rotor and the WF rotor are connected by the same shaft. The flux paths of PM excitation and field winding excitation are separated inherently and parallel hybridization with wide flux regulation range is achieved. However, additional gap between two rotors is inevitably introduced by the end-winding of field coil. It should be noted that brushes and slip rings are required to feed DC to the rotary component for the HE machine topologies in Fig. 1-Fig. 5 . The mechanical contact reduces the system reliability while increasing the cost of maintenance. To remove the slip rings and brushes, a brushless rotor WF HE machine is proposed in Fig. 6 [31]- [36] . The stator accommodates armature winding, whereas the rotor is located with field and harmonic windings. An additional rectifier is attached in the rotor to supply DC to field winding through harmonic winding, and therefore, mechanical contact of brushes with slip rings is saved. The HE machines with all PM rotor poles and consequent PM poles are presented in Fig. 6 (a) and (b), respectively. The introduction of rotor PMs can improve the torque density and especially enhance the starting performance. In order to produce current in the rotor harmonic winding, various techniques have been proposed, e.g. single phase third harmonic current injection [33] [34] , dual inverter to feed unequal amplitude of current [35] , single inverter to feed the unequal turns of armature winding [36] , as shown in Fig. 6 (c). [31] . (b) PM in consequent rotor poles [32] . (c) Single inverter to feed to unequal turns of armature winding [36] .
Overall, the HE machines discussed in Fig. 1-Fig. 6 can be perceived as the hybridization of a rotor SPM or IPM machine with a WF machine. Therefore, the machine topologies are generally simple with controllable magnetic field. However, brushes and slip rings are required to feed DC excitation to rotary part. Although brushless structure can be achieved in Fig.  6 , both the machine topology and the drive circuit become complicated. Moreover, the rotor spatial confliction of PM and DC coil restricts the torque density as well as flux regulation capability.
B. PM in rotor and DC Coil in Stator
Another solution to eliminate the sliding contacts is to locate the field winding in the stationary parts, whilst PMs are still on the rotor. In [37] - [39] , a consequent pole rotor PM HE machine with toroidal field winding is investigated, as shown in Fig. 7 . The PM flux path circulates from PM north pole to PM south pole, whereas the DC flux path passes from one iron pole to another iron pole with reduced reluctance. Both the PM and DC excited magnetic fields have 3D flux path and the synthesized magnetic field can be regulated by the field current. Compared with the conventional rotor PM machine, a solid stator yoke core is attached outside the stator laminated core and the rotor core should also be solid iron to allow for both radial and axial fluxes. To further enhance the HE machine performance, some improvements have been made in [40] - [43] . In [40] , this concept is utilized in the axial flux PM machine to achieve hybridization.
In [41] , the proportion of PM to iron pole is enlarged to reduce the voltage regulation and improve the power density. In order to reduce the field winding length as well as copper loss, the toroidal field winding is moved to inner stator in [42] . In [43] , the toroidal field winding is further employed for consequent pole Vernier machine to achieve hybrid excitation.
Besides, in [44] - [47] , homopolar and bipolar HE machines are proposed based on the spoke type IPM machine by introducing toroidal field windings in the end plate, as shown in Fig. 8 . The PM flux path is radial, whereas the DC excited magnetic field has both radial and axial flux paths. Therefore, additional solid stator yoke core, solid end plate as well as solid rotor core are required to allow for 3D magnetic flux path. The two field windings of the homopolar HE machine are of opposite direction, whereas those of the bipolar HE machine are of the same direction. In [48] - [50] , an improved topology with inner stator to accommodate the field winding is proposed, which is beneficial to shorten the toroidal field winding length. Besides, in Fig. 9 , HE machines can be developed by introducing PMs in WF claw pole machines to reduce flux leakage and further improve the performance. The toroidal field winding can be wound around the inner stator [51] [52] or the rotor [53] [54] , as shown in Figs. 9 (a) and (b), respectively. For the inner stator topology, brushes and slip rings to feed DC excitation can be removed. However, additional air-gap between the inner stationary holder and the rotor is inevitably introduced, which decreases the machine performance. In [55] and [56] , PM is further introduced both in the rotor and the stator to improve the performance, whereas the machine configuration becomes complex.
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Moreover, it can be observed that the bipolar HE machine in Another HE stepper machine is shown in Fig. 10 [57] [58] . The PM is sandwiched by two reluctance rotors with a half rotor pole pitch shift and the toroidal field winding is located at the stationary end plate. Since the magnetic field is controllable and the rotor is robust, the HE stepper machine is suitable for high speed application. In summary, the HE machines discussed in Fig. 7 - Fig. 10 can be perceived as the introduction of a stationary toroidal field winding to the rotor PM machines. Therefore, the brushes and slip rings can be removed and mechanical contract problem is solved. Moreover, the flux path of DC excitation bypasses the PM and the demagnetization issue becomes less severe compared with flux weakening with d-axis current directly. Nevertheless, both radial and axial fluxes exist in the PM and DC excited magnetic fields. Therefore, soft magnetic composite (SMC) or solid material is required to allow for the 3D magnetic field, making the manufacturing and assembling complicated.
C. Both PM and DC Coil in Stator
Besides developing from the rotor PM machines, HE machine configurations can be achieved by attaching field coils in stator PM machines. The sliding contacts are avoided and the machine possesses good heat management since all the excitations are stationary. Generally speaking, stator PM machines can be classified according to the PM location as the doubly salient (stator yoke PM) machine, the flux reversal (stator tooth tip PM) machine, the flux switching (stator teeth sandwiched PM) machine, the stator slot PM machine, etc. [59] [60]. All the stator PM machines can be developed for hybridization as follows.
Based on the conventional doubly salient PM machine, hybrid excitation can be obtained in Fig. 11 . In Fig. 11 (a), a field winding is attached in series with PM excitation [61] . The doubly salient HE machine is further improved to adopt PM in stator yoke to reduce the PM usage in Fig. 11 (b) [62] . However, the flux path of field winding passes through PM, which restricts the flux regulation capability and may potentially cause irreversible demagnetization. In [63] , an additional air-gap is introduced in the field winding path to achieve parallel hybridization. Moreover, the iron bridge is introduced in [64] [65] to avoid demagnetization as shown in Fig. 11 (c). Similar concept is employed in the outer rotor HE machine in [66] . However, the magnetic field regulation is still limited since the magnetic bridge is saturated by PM flux. In [67] and [68] , PM poles are replaced with field winding poles, as illustrated in Fig.  11 (d) to achieve a wide flux regulation range. In [69] , the flux regulation capability of the HE doubly salient machines are compared. It is revealed that the series HE machine in Fig. 11 Besides, other HE machines with stator yoke PMs are presented in Figs. 12 (a) and (b), with field winding coil pitch of 1 [70] and 2 [71] , respectively. Compared with the conventional doubly salient machines in Fig. 11 , the three phase back-EMFs of the HE machines in Fig. 12 are the same due to symmetrical structure. Similarly, iron bridge is attached not only for connection the stator segment, but also to avoid flux lines of field winding passing through PM. In Fig. 13 , the HE machines developed from the flux reversal PM machine are presented. In [72] and [73] , PMs are located at the edge and center of the stator tooth, respectively, whereas the field winding is placed in the stator slots as shown in Fig. 13 (a) and (b). Moreover, consequent pole machines with PMs alternately located at the tooth center is proposed in [74] , as shown in Fig. 13 (c) . The magnetic field of the DC coils is in parallel with PMs, which can ensure the flux regulation capability. It should be noted that the machines discussed in [73] and [74] are the DC-biased HE machines without field winding, and Figs. 13 (b) and (c) present the potential field winding location for comparison. The integrated field and armature windings technique will be detailed in the last section. Flux switching PM machines utilize the flux-concentrating effect of circumferentially magnetized PMs, and possess comparable torque density as IPM machines [75] . Therefore, the HE machines developed based on flux switching PM machines are most widely investigated, as shown in Figs. 14-16. In Fig. 14 (a) , the flux switching HE machine is achieved by attaching additional stator yoke for DC excitation flux path [76] . However, the stator outer diameter is enlarged compared with the conventional flux switching PM machine. In Fig. 14 (b) , a part of PM is replaced by a DC coil to achieve hybrid excitation [77] . The location, polarity, and flux regulation mechanism of the DC excitation have been investigated in [78] - [80] . To avoid the flux lines of DC excitation passing through the PM, an iron bridge has been introduced in Fig. 14 (c) [81] . In fact, the flux switching HE machines in Figs. 14 (a) and (c) share similar operating principle and topology, whereas the difference can be perceived as the thickness of iron bridge. Moreover, PM pole-pair and DC pole-pair can be allocated alternately to achieve parallel hybridization in Fig. 14 (d) [78] . In [82] , a novel E-core stator is proposed for the flux switching HE machine, as shown in Fig. 14 (e) . Similarly, it is extended to an axial flux E-core HE flux switching machine in [83] . In Fig. 14 (f) , a field winding is introduced in the stator slots of a conventional flux switching PM machine [84] . However, only flux weakening can be achieved via magnetic saturation. [78] . (e) HE machine with E-core segment [82] . (f) HE machine with by adding field winding in stator slots [84] .
In Fig. 15 , the two-part flux switching HE machine is proposed by combining a flux switching PM machine and a WF flux switching machine directly [85] . The stators are split into a PM field stator and a WF stator, as shown in Figs. 15 (a) and (b), respectively. The HE structure inherently possesses parallel hybridization and a wide flux regulation range.
In Fig. 16 . HE flux switching machines with a segmental rotor have been discussed [86] . Field winding can be wound on the PM poles directly in Fig. 16 (a) or wound alternately with PM poles in Fig. 16 (b) . The machine shown in Fig. 16 (a) is series hybridization whereas parallel hybridization is achieved in Fig. 16 (b) . Besides locating PMs in the stator yoke, stator tooth tip, stator tooth center, the HE machines with stator slot PM are shown in Figs. 17 (a) and (b) [87] [88] . The PM flux is short-circuited in stator at open-circuit, and the HE machine potentially exhibits high speed fault tolerant capability. When field winding is excited, PM flux is pushed to link with air-gap, and the field excitation can regulate the magnetic field effectively. Furthermore, different stator/rotor pole combinations and overlapping windings are introduced for the HE stator slot PM machine [89] .
Although the HE machines with both stator PM and stator DC coil exhibit good heat management, the stator is crowded with PM, field winding and armature winding. To solve the spatial confliction, HE machines with partitioned stator have been proposed in Fig. 18 [90]- [96] . HE machines with inner stator to PM are shown in Figs. 18 (a) -(c), respectively [90] - [92] . In [93] ,the PM is further moved from the inner stator yoke to the inner stator tooth tip to reduce the iron bridge flux leakage. Besides, the field winding poles can be employed to replace the PM South poles or a pair of PM poles as shown in Figs. 18 (d) and (e), respectively [94] [95] . It should be noted that PMs and field winding are in series hybridization in Fig. 15 (d) and parallel hybridization in Fig. 15 (e) . Furthermore, PMs can be allocated in the inner stator slots of field winding to alleviate the magnetic saturation and enhance flux regulation capability [96] . Fig. 18 . HE machines having partitioned stators. (a) Inner stator accommodates field winding [90] . (b) Inner stator accommodates PMs [91] . (c) Inner stator accommodates both field winding and PMs [92] . (d) Field winding poles replacing PM South poles [94] . (e) Field winding poles replacing pairs of PM poles [95] . (f) PMs in the inner stator slots of field winding [96] .
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To conclude, the HE machines discussed in Fig. 11-Fig. 18 can be perceived as the combination of a stator PM machine with a stator WF machine. The machine structure is generally simple without brushes and slip rings. All the excitations are located in the stator and the heat management is efficient. However, the stator spatial confliction problem exists with the PM, field winding and armature winding. Although partition stator concept has been utilized in Fig. 18 , the segmental rotor requires mechanical connection, making the manufacturing and assembling complex.
D. Others
Moreover, Vernier machine with stator and rotor PM has been widely investigated due to high torque density. HE machines based on stator and rotor PM Vernier machines are presented in Fig. 19 [97] [98] . PMs are located in stator tooth tip and rotor surface with consequent pole, whereas the field winding is placed in the stator slots. Series hybridization and parallel hybridization are presented in Figs. 19 (a) 
III. SERIES AND PARALLEL HYBRIDIZATION
According to the connection of PM and DC excited magnetic fields, HE machines can be classified as series hybridization and parallel hybridization. If the flux lines of DC excitation pass through PM, series hybrid excitation is achieved. In this section, the series and parallel hybridization characteristic of the above HE machines will be analyzed.
A. Series Hybridization
In the series HE machines, the PM and DC excitations share the same flux path, and the DC coil is simply wound around the PM pole. The series HE machines have been developed from the rotor SPM machine (Fig. 1 [20] - [23] ), the stator doubly salient PM machine ( Figs. 11 (a) and (b) [61] [62]), the flux switching PM machine ( Fig. 14 (b) [77]- [80] , Fig. 16 (a) [86] ), the partitioned stator PM machine (Figs. 18 (b) (d) [91] [94]), and the Vernier machine ( Fig. 19 (a) [97] ) by replacing a part of PM with a DC coil, or adding a DC coil around the PM.
Generally speaking, the series HE machines possess simple structure with the combination of PM and DC excitation. However, the DC flux path is of significant reluctance and the flux regulation capability is limited. Moreover, the flux lines of DC excitation passing through the PM may potentially cause irreversible demagnetization.
B. Parallel Hybridization
Compared with series HE machine, the flux path of DC excitation in the parallel HE machine bypasses the PM. Therefore, the flux regulation capability can be enhanced and the risk of demagnetization is reduced. Therefore, the parallel HE machine is more popular considering electromagnetic performance. The parallel HE machine discussed above can be summarized as follows.
Type I: Iron bridge to provide additional flux path for DC excitation. This concept has been utilized in the IPM HE machine (Fig. 3 [23] ), the doubly salient HE machine (Fig. 11  (c) [64] [65]), the flux switching HE machine (Figs. 15 (a) [92] ). However, since the iron bridge is saturated by the PM flux, the reluctance of DC flux path is still large and the flux regulation ratio is restricted.
Type II: One pole consisting of PM and DC excitation parallel. This classification of HE machine contains the SPM HE machine ( Fig. 6 [31]- [36] ), the IPM HE machine ( Fig. 3 (b) [23]), the flux reversal HE machine ( Fig. 13 [72]- [74] ), the partitioned stator HE machine [93] , and the Vernier HE machine ( Fig. 19 (b) [98] ). Obviously, the PM should be located at the stator or rotor tooth tip, and otherwise, the PM flux short-circuits from the DC flux path as Type I.
Type III: Two-part parallel HE machine by combining a PM machine and a WF machine axially. The two-part rotor PM HE machine discussed in Fig. 5 [29] [30] shares the same stator, whereas the two-part flux switching HE machine discussed in Fig. 15 [85] shares the same rotor. Moreover, the two-part HE machine can consist of both different stators and rotors. In [99] [100], the rotor PM machine is combined with a doubly salient WF machine to achieve parallel hybridization. It should be noted an additional axial gap is introduced due to end-winding of field coils, and the axial length is increased inevitably.
Type IV: PM pole-pairs and DC pole-pairs alternately allocated. This concept has been employed in the SPM HE machine (Fig. 2 [24] ), the doubly salient HE machine ( Fig. 11  (d) [67] [68]), the flux switching HE machine ( Fig. 14 (d) [78] , Fig. 16 (b) [86] ), and the partitioned stator HE machine ( Fig. 18  (e) [95] ).
Type VI: Slot PM HE machine with tangential magnetized PM. This classification includes the rotor slot PM HE machine ( Fig. 4 [25] - [28] ), the stator slot PM HE machine ( Fig. 17 [87]- [89] ), the partitioned stator slot PM HE machine ( Fig. 18  (f) [96] ), and the claw pole slot PM HE machine ( Fig. 9 [51]- [54] ). Since the PM flux is short-circuited without field excitation, the slot PM HE machines exhibit high fault tolerant capability.
Type V: Toroidal field winding with additional flux path. In Fig. 7-Fig.11 , a stationary toroidal field winding is added for the rotor PM machine to regulate magnetic field [37] - [58] . The DC excitation has both radial and axial fluxes, and consequently, SMC or solid stator and rotor cores are required to allow for 3D flux. The benefit of this classification is better spatial utilization with separate PM and DC flux paths. However, the machine configuration is complex and manufacturing can be expensive.
Although the flux path of DC excitation bypasses the PM in the above topologies, the HE machine with iron bridge (Type I) possesses a lower flux regulation capability due to saturated iron bridge. Therefore, the HE machine with iron bridge can be classified as the third type beside series and parallel hybridizations [101] .
IV. 2D AND 3D MAGNETIC FIELDS
According to the magnetic fields of PM and DC excitations, HE machines can also be classified into 2D and 3D HE machines. If the PM and DC excitations have both radial and axial fluxes, it is called as a 3D HE machine.
A. 2D Magnetic Field
2D HE machine can be achieved by attaching a rotary DC coil to the rotor PM machines (Figs. 1-6 [20]- [36] ), or a stationary DC coil to the stator PM machines (Figs. 11-19 [61]- [98] ). The hybridization can be either in series or parallel, as illustrated in Section III.
Overall, the machine structure is simple for designing, optimizing, manufacturing, and assembling. However, since the PM and DC excitations are located in the same component (stator or rotor), the spatial confliction inevitably results in limited torque density as well as flux regulation capability.
B. 3D Magnetic Field
Compared with 2D HE machine, the 3D magnetic field structure is more complex. As shown in Figs. 7-10 [37]- [58] , the HE machines with rotor PM and toroidal field winding have both radial and axial fluxes. The field excitation has separate axial flux path with PM excitation, and therefore, this classification of HE machine is generally parallel hybrid with a wide flux regulation range.
Since the toroidal field winding is located at the end or center of stator core, the spatial utilization is improved. However, SMC or solid material stator and rotor cores are required for both radial and axial fluxes, making the manufacturing and assembling complex.
V. TYPICAL FLUX REGULATION PERFORMANCE
In the previous sections, various HE machine topologies have been overviewed, and the benefits as well as drawbacks are demonstrated. In this section, a typical flux switching HE machine, shown in Fig. 14 (a) , is chosen to illustrate the basic flux regulation of hybrid excitation.
The open-circuit field distribution of the HE machine is illustrated in Fig. 20 . The DC and PM excitations are in parallel, and the field excitation can regulate the flux density effectively. Fig. 21 shows the flux linkage variation with field excitation current density. It can be observed that the field excitation can control the magnetic field as well as the flux linkage. Without PM excitation, i.e. Br=0, the effect of positive and negative DC excitation is symmetrical. With the increase of PM remanence, the flux regulation ratio is reduced due to magnetic saturation. Overall, the DC current can regulate the flux linkage, and consequently the output capability according to the EV/HEV requirements effectively. At low speed operation, positive DC excitation can be employed to improve the starting torque. At high speed operation, negative DC excitation can be injected to weaken the magnetic field. 
VI. FLUX WEAKENING CONTROL STRATEGIES
An important issue for EV/HEV is wide constant power speed region (CPSR) and potential to operate at deep flux weakening region [102] [103] . Different from conventional PM machines, both the field excitation current and the d-axis current can be utilized to adjust the magnetic field in the HE machines, which provides more flexible control parameters for flux-weakening operation [104] . It has been revealed that better flux weakening performance can be expected for HE machine compared with conventional PM machine in [105] . In [106] , a novel flux weakening control strategy is discussed for the HE machine by utilizing double excitations to enhance the flux weakening performance.
Therefore, three control strategies can be employed during flux weakening control, i.e. (1) utilization of field excitation current only, (2) utilization of armature current only, and (3) utilization of both field and armature current, as listed in Table  I . In [107] , the three flux weakening control strategies are conducted on a stator slot PM HE machine shown in Fig. 17 (a) . The measured torque, power and efficiency map with three flux weakening strategies are compared in Fig. 22 . The efficiency is relatively low due to the experiments on a small motor with only 90mm outer diameter and 25mm axial length and thus the mechanical loss is a major portion. At constant torque region, all three methods can achieve the same output torque due to the same flux-enhancing field excitation currents. In the flux weakening region, the torque of Method-I deteriorates significantly and the operating speed range is also limited by weakening field excitation current only. Based on the utilization of the optimal field excitation and d-axis armature currents, Method-III can obtain a wider speed region compared with Method-I, and achieve higher efficiency in the flux weakening region compared to Method-II. Optimized field excitation current (d) Fig. 22 . Measured torque, power, and efficiency maps with different flux weakening strategies [107] . Moreover, a self-optimization method of field current based on variable step size search theory is proposed in [108] . In [109] , the minimum copper loss and maximum torque control strategies under flux weakening region are investigated. In [110] , an optimized maximum torque per copper loss control strategy is investigated for HE machine. In [111] , an improved control strategy for maximum output power is presented with the consideration of winding resistance and magnetic saturation.
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VII. RECENT DEVELOPMENT
A. Fault Tolerant Hybrid Excited Machine
The PM machines have been popular due to high torque density and efficiency. However, some parasitic effect exists in the PM machines inevitably, such as cogging torque and potential uncontrolled overvoltage fault at high speed operation. Recently, the slot PM HE machines have been investigated and are shown to exhibit high fault tolerant capability. The slot PM HE machine can be classified into the rotor slot PM HE machine ( Fig. 4 [25]- [28] ), the stator slot PM HE machine (the single stator in Fig. 17 [87]- [89] and the partitioned stator in Fig.  18 (f) [96] ), and the claw pole slot PM HE machine ( Fig. 9 [51]- [54] ). All the slot PM HE machines share similar operating principle and characteristic.
The stator slot PM HE machine in Fig. 17 (a) is taken as an example, and the flux paths with/without field excitation are illustrated in Fig. 23 . Without field excitation, the PM flux is short-circuited in the stator and hardly link with the rotor. When the field current is employed, the PM flux is pushed to link with the rotor and air-gap flux density is produced. As salient rotor moves, the flux variation will produce back-EMF in the armature winding. Fig. 24 shows the open-circuit back-EMF with different DC excitations for the stator slot PM HE machine. The back-EMF is almost 0 without DC excitation and the amplitude can be regulated by the field current, verifying the theoretical analysis.
Compared with the stator WF machine, the introduction of PM alleviates the magnetic saturation and further improves the torque density. Compared with other PM machine, the PM flux hardly links with rotor without DC excitation, and the cogging torque is negligible. Furthermore, the open-circuit back-EMF caused by PM only is almost 0. Therefore, the slot PM HE machines exhibit high fault tolerant capability considering high speed operation (see next sub-section), which is critical for EV/HEV. It has been revealed in [112] that the torque density of variable flux reluctance machine is slightly lower than the IPM machine. The allocation of stator slot PM can further enhance the output capability, and the torque density of the slot PM HE machine can be comparable with the IPM machine. Fig. 24 . Open-circuit back-EMF corresponding to the DC excitation current for the stator slot PM HE machine.
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B. Uncontrolled Overvoltage Fault Mitigation
For the EV/HEV with high requirements of safe operation and fault tolerance in extreme environments, reliability of the machine system must be considered [113] [114] . Among the various machine fault types, the uncontrolled generator fault (UCGF) at high speed is one of the most serious faults that could damage the drive system [115] [116] . It occurs when the gating control signals of the inverter switches are suddenly removed during operation. This damage can be more severe for the PM machines since the magnetic field is hard to regulate and the back-EMF can be several times higher than the rated supply voltage at high speed.
In order to extend the operating region within the current and voltage limits, flux-weakening control is demanded for PM machines [102] [103] . Should the flux-weakening control signals unexpectedly disappear during high speed operation, the winding with high back-EMF would instantaneously become a large voltage source, and deliver regenerated current back to the DC-link through the free-wheeling diodes of the inverter switches, as shown in Fig. 25 . If the DC-link capacitor cannot absorb the abruptly regenerative energy, both the capacitor and inverter switches may be damaged as the result of overvoltage. Therefore, a trade-off between healthy operating performance and fault tolerance capability is required during optimization for PM machines [117] . For HE machines with the combination of PM and WF magnetic fields, the magnetic field can still be weakened by field excitation at the UCGF. In [118] , a field excitation control strategy with fault protection is proposed as shown in Fig. 26 . In normal operation, the maximum flux-enhancing field excitation current is employed to achieve the highest torque. When the UCGF occurs, the DC-link capacitor is rapidly charged by the regenerated current. Therefore, the DC-link voltage can be measured as the detection of UCGF, and consequently the field excitation current can be diminished to protect the inverter from overvoltage damage.
The UCGF experiment is conducted on a stator slot PM HE machine shown in Fig. 17 (a) and the test results are presented in Fig. 27 . The field current is maximized to achieve high output capability at healthy operation. When the UCGF occurs, the DC-link capacitor is rapidly charged, which potentially damages the inverter. However, the overvoltage problem in the DC-link capacitor can be eliminated by removing the field excitation. The regenerated current as well as power storage in capacitor can be sharply reduced to zero by controlling DC excitation, which is beneficial to protect the capacitors and inverter switches. 
C. Integrated Hybrid Excitation with Open-Winding
Since the HE machine contains PM, field and armature windings, the spatial confliction inevitably restricts the torque density as well as flux regulation capability. In [119] , the field and armature windings are integrated with open-winding inverter shown in Fig. 28 . Different from conventional machines, the neutral point of three-phase armature winding is released. The terminals of each phase winding are connected to two inverters at the same time, so that zero-sequence, i.e. DC excitation, can flow in the winding. Since the field winding is removed with open-winding, in the integrated HE machine it is DC coil free [120] .
Besides, the conductor area for DC and AC excitation is enlarged with integrated winding, and consequently, the copper loss can be reduced and the operating range can be extended. Furthermore, Fig. 29 shows the measured operating envelopes with separate as well as integrated DC and AC winding. The operating range is extended and efficiency is improved due to the reduction of winding resistance. Moreover, the voltage utilization ratio is increased with open-winding drive circuit, which is beneficial to the low voltage battery supplied EV/HEV.
The concept to integrate field and armature winding using open-winding technique is firstly introduced in the variable flux reluctance machine in [119] . Then, it is further extended to the flux reversal HE machine ( Fig. 13 [73] [74]), the flux modulated HE machine ( Fig. 18 (b) [91] ), and the Vernier HE machine ( Fig. 19 [121] ). In fact, the integrated field and armature winding technique is suitable for all the HE machines with DC and AC coils in the same slots to further enhance the performances. 
VIII. CONCLUSION
Various HE machine topologies have been reviewed according to the allocation of PM and field winding excitations, the series and parallel hybridization, as well as 2D and 3D magnetic fields together with the flux regulation capability. Since an extra flexibility is introduced by field winding, different flux weakening control strategies of HE machines were discussed. Thanks to the controllable magnetic field, the HE machines can potentially mitigate the generator fault caused by overvoltage at high speed by regulating the field excitation. Finally, the integrated field and armature winding technique using open-winding is introduced for HE machine to solve the spatial confliction of PM, field and armature windings.
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